Many studies have already shown that games can be a useful tool to make boring or difficult tasks more engaging. However, with serious game design being a relatively nascent field, such experiences can still be hard to learn and not very motivating. In this paper, we explore the use of learning and motivation frameworks to improve player experience in the well-known citizen science game Foldit. Using Cognitive Load Theory (CLT) and Self Determination Theory (SDT), we developed six interface and mechanical changes to the tutorial levels in Foldit designed to increase engagement and retention. We tested these features with new players of Foldit and collected both behavioral data, using game metrics, and prior experience data, using self-report measures. This study offers three major contributions: (1) we document the process of operationalizing CLT and SDT as new game features, a unique methodology not used in game design previously; (2) the user interface, specifically the level selection screen, significantly impacts how players progress through the game; and (3) a player's expertise, whether from prior domain knowledge or prior gaming experience, increases their engagement. We discuss both implications of these findings as well as how these implementations can generalize to other designs.
INTRODUCTION
Video games are rapidly becoming popular across mainstream media. The Entertainment Software Association reported in 2017 that at least one person in 65% of U.S. households play video games 3 or more hours each week, with an average of 1.7 gamers per gameplaying household [57] . With such a massive audience seeking entertainment, games are an excellent tool for engagement. This is why many researchers have started using games as a platform for practical applications. Serious games, which include transformational games [10] and human computation games [50] , can take advantage of the countless hours already spent on gaming to train users in the workplace, supplement formal teaching methods, and even crowdsource empirical data through citizen science, an increasingly common practice in which the general public contributes to the collection, processing, or analyzing of scientific data [47] . However, many of these games require users to voluntarily play them, and simply existing as a playful app doesn't guarantee that the software will hold the players' attention for long periods of time.
For these games to have a meaningful impact, it is crucial to understand and improve player engagement. By having a large and engaged audience, these games can successfully accomplish their intended purpose, whether that is user education or citizen science. But, importantly, this must be done without sacrificing the critical elements of the game, such as learning components or data collection.
Previous research on improving engagement with games has involved the application of two cognitive design frameworks: Self Determination Theory (SDT) and Cognitive Load Theory (CLT). SDT identifies key factors that are intrinsically motivating to players, while CLT focuses on minimizing mental load, allowing better focus on the game. On their own, CLT is most often applied to formal learning settings, while SDT has seen a range of applications including games. Yet, these two theories combined have not been tested thoroughly in games, and especially not in citizen science games. Because these games deal with complex topics, such as protein folding [6] and DNA sequence alignment [31] , they often require a great amount of mental demand. Moreover, citizen science projects struggle with "drop-outs" [18] , suggesting that some players can often feel a lack of intrinsic motivation. However, it remains unknown how well these theories extend beyond their standard usage to apply to the problem of engagement with citizen science games.
In this paper, we use these theories in a more critical environment than previous research, applying and operationalizing them to Foldit, a citizen science puzzle game about folding proteins. Understanding the game requires a great amount of mental effort, and most of the players' motivations come from a love for science rather than intrinsically from the game itself [11, 29] . Our hypothesis is that the combination of SDT and CLT to a citizen science game will improve engagement, since citizen science games require both learning and motivation.
In order to test this hypothesis, we operationalized SDT and CLT to create six experimental features which we tested with new players of Foldit. These features are: (1) reducing perceptual clutter (Minimalist UI ), (2) imposing a minimal-load order on tasks (Ordered Levels), (3) providing meaningful choice in task order (Branching Levels), (4) encouraging curiosity through detail (Science Info), (5) teaching instead of telling (Strategic Instructions), and (6) providing context-insensitive help (Help Panel).
After implementing and deploying these features to new players of Foldit, we collected both game metrics data and self-report survey responses on demographic and psychographic information. Analysis of the game metrics data revealed two findings: first, that Branching Levels reduced level re-completions, suggesting that the UI discouraged players from returning to old levels. Second, the survey results identified that player expertise had a significant impact on engagement, as suggested by an increase in level completions and number of sessions played. Regardless of whether this expertise came from prior domain knowledge or gaming experience, both kinds of experience correlated with a significant rise in engagement with the game; conversely, not having this expertise correlated with below average engagement. This finding agrees with some of the more recent research that personalization is key to properly operationalize theories of learning and gamification [24, 44, 63] .
This study offers three major contributions. First, we document the process of operationalizing SDT and CLT as concrete design objectives and then creating and implementing features into a citizen science game based on these design objectives. This study uniquely applies these theories toward new game features instead of using them to measure an existing game design, and we describe both the generalizable process as well as the difficulties encountered and how this impacts future citizen science game design. Second, we found that user interfaces, particularly our level selection screen, can affect how players progress through the game. In our case, by guiding players toward the next incomplete level, our new selection screen reduced level re-completions. Lastly, we present strong evidence that expertise, either in gaming or domain knowledge, correlates with game engagement, perhaps because both expertise and engagement are driven by the same underlying motivation.
BACKGROUND
In this section, we review the relevant ways in which players engage with a game. First, the player must be intrinsically motivated to engage; then they must be taught the relevant skills needed to play; and finally the gameplay must match their needs and expectations, which covers a range of design considerations from difficulty and rewards to choice and purpose. If these steps to engagement are successful, the players may enter a flow state. Every step of this process affects how much the player engages with the game.
Self Determination Theory
Much of our understanding of player motivation has come from Self Determination Theory (SDT) and its sub-theory, Cognitive Evaluation Theory [12, 54] . Namely, video games provide intrinsic motivation, rather than extrinsic motivation, by giving the players competence in the game mechanics, autonomy in the execution of their actions, and (to a lesser extent [13] ) providing a sense of relatedness to others [14, 17, 48, 53] . The theory suggests that it is this satisfaction of psychological needs which makes video games more intrinsically engaging than other activities. In adapting SDT to video games, researchers developed the Player Experience of Need Satisfaction (PENS) model [52] . This model focuses on executing the principles of SDT in games, such as making the controls as intuitive as possible so that the player can feel competently in control, or providing meaningful choices for the player to clearly demonstrate autonomy.
However, before a player can demonstrate competence, they must first learn the game mechanics enough to understand and master them. This can be difficult, since by their nature serious games often involve more mentally challenging tasks than other games. Because of this, the road to competence is barred by the player's limited cognitive load capacity-the player can handle only so much information at once. Before competence is possible, the player must learn the game's rules, but this process can be made easier if the game's design minimizes cognitive load. That is, in this conceptual model of player engagement, we use Cognitive Load Theory to establish better competence, then use Self Determination Theory as the primary model of motivation.
Cognitive Load Theory
Cognitive Load Theory (CLT) is a robust framework for describing how learning and processing are occurring. This makes it a useful tool for game design since it describes what mental difficulties the player will experience and how to alleviate those difficulties. Cognitive load is pivotal to player engagement because overloading the player mentally will cause frustration and a general negative affect, which can cause some players to disengage or otherwise stop playing [43, 58] .
Learning, according to CLT, is the process of chunking individual elements into a cognitive schema. Qiao et al. [49] define cognitive schemata as highly organized and domain-specific knowledge which reduce element interactivity. This is ultimately what differentiates experts from novices for that subject. A schema is stored in long-term memory and represents the learned concept wholly as one element. Schemata also have faster retrieval speeds than their component elements, require fewer retrieval cues, and can be automatically processed without additional resources or cognitive load [34, 49] . Consequently, the goal of learning is to form cognitive schemata. Barriers to this process are what create the difficulties that we are trying to remove in order to reduce cognitive load and improve learning. Cognitive load, which is perhaps best imagined as the demand on the learner's resources, is itself split into three categories: extraneous, intrinsic, and germane.
Extraneous cognitive load represents the inefficiencies in the method of presenting material [35] . Specifically, if a presented element cannot contribute to the formation of cognitive schemata, its presentation adds extraneous load. For example, if this sentence does not help you understand CLT, then it adds extraneous cognitive load by forcing you to process non-essential information.
Extraneous load often results in decreased performance, as shown in an experiment by Muth [40] . In this experiment, students who were given extraneous information on mathematical word problems performed worse than students with either no extraneous information or students who were told before the experiment that extraneous information would be present. It follows, then, that most uses of CLT have historically emphasized the reduction of extraneous load, rather than trying to manipulate the other two categories [62] . Extraneous load can take many forms, ranging from jargon to poor arrangement of material (e.g. from complex to simple rather than reversed). However, in some cases the "jargon" is central to the material, and other times not. (Imagine, for example, the word 'importunate' used in the context of a newspaper article, where another word would suffice, as opposed to the context of a vocabulary lesson, where the word itself is the critical information.) In this way, identical elements may be intrinsic or extraneous based on the learner's needs [62] .
There are two other parts to cognitive load in CLT: intrinsic load, which represents the inherent difficulty of the interactions between elements, and germane load, which represents the cost of learning (i.e., chunking the interacting elements into a cognitive schema) [35, 49, 62] . However, most applications of CLT focus on extraneous load since it is easier and more worthwhile to minimize and because intrinsic and germane loads are linked to the learning process itself [62] . We believe that this precedent applies to the current study as well because intrinsic and germane loads can be affected only by inherently changing the nature of the material to be learned (in this case, the game mechanics and biochemistry), which we do not want to manipulate.
Usage of SDT and CLT
Although SDT and CLT have been thoroughly studied as frameworks (e.g., [52, 62] ), most applications of these frameworks to games either don't make changes directly informed by the theories or don't empirically validate the approach. For example, many gamification studies use SDT to inform their general principles [59] such as by justifying the existing design elements of points, badges, and leaderboards [42] . Some studies, such as Mekler et al. [38] and Sailer et al. [56] , empirically test these design elements for efficacy based on the theory, though results have been mixed. Entertainment games sometimes apply SDT as a lens to guide design, such as in Shadow of Mordor's Nemesis system [22] . However, SDT has not been thoroughly studied in directly informing domainspecific mechanics, with the exception of two studies. In the health game Spa Play [17] , developers used SDT to influence goal setting (autonomy), social connectivity (relatedness), and feedback (competence) among other gamification strategies. In a study by Peng et al. [46] , researchers tested features intended to support autonomy and competence in an exergame and successfully increased need satisfaction. In summary, some preliminary work applied SDT in the forms of (1) a lens to guide designing entertainment games; (2) a justification for generic gamification elements; and (3) a design principle to create domain-specific features in serious games for health. The current research extends these findings by creating domain-specific features in a citizen science game which involves more learning than previous applications of SDT.
With respect to CLT, only a few studies have considered the importance of managing cognitive load in the context of game-based learning [33] , and most work in this field measures the impact of game features on extraneous cognitive load and learning outcomes (e.g. [26] ).
For both SDT and CLT, previous work with these frameworks uses them either theoretically or as a lens to interpret measurements of learning and engagement, such as the NASA Task Load Index (NASA-TLX) [25] , the Intrinsic Motivation Inventory (IMI) [55] , or through coding interview transcripts [17] .
By considering CLT during the development cycle, games can be designed to minimize extraneous load, thus limiting the learner's frustration and enabling engagement. Minimizing cognitive load in this way synergizes with the research on Self Determination Theory (SDT), since reducing cognitive load inherently makes the game easier to use, which in turn promotes competence, one of the key components of SDT. In fact, these two frameworks have been combined previously to great success (see, for example, these theories applied to an online medical course [23] ). Both CLT and SDT together inform a holistic view of game design for improving player engagement. By focusing on reducing the player's mental demand and catering to their psychological needs, serious games can more easily and reliably put players in a flow state that they enjoy and engage with, satisfying the purpose of the game.
Yet, no research has observed the effects of operationalizing both theories in a game as this study does. Rather, the concepts are typically used for measuring the impact of one change instead of tailoring the game experience to follow these guidelines of learning and motivation. Our study uses the unique methodology of re-designing features to minimize extraneous load and maximize engagement, rather than using SDT and CLT as measurements of an existing design. We chose this method of intervention to explore the potential effectiveness of this approach, hypothesizing that designing with these frameworks in mind would produce more theoretically-driven (therefore more reliable) results than only measuring the design's effectiveness after production.
Personalized Game Design
Rather than applying these concepts in broad strokes, recent research (e.g., [45, 47, 58] ) has discovered that different players, and different game genres, engage differently with certain game elements.
Notably, players seek different goals at different levels of game expertise. Park et al. [45] mined player data of a popular massively multiplayer online role-playing game (MMORPG) and discovered that players early in the game focus both on achievement and social interaction. That is, for a player to succeed, it is essential that they progress in the game by learning the game mechanics, demonstrating their understanding, and developing relationships with other players. Next, when a player is more advanced in the game, their focus turns entirely toward achievement. In this stage, social interaction is less important, and players seek to master the game. Finally, when a player has reached the maximum level, this finding is reversed; achievement is no longer relevant, and a player's engagement in the game becomes almost entirely social.
In a more genre-agnostic report, Schoenau-Fog [58] conducted a survey in 2011 to determine what categories were most important to players for their subjective engagement. The highest rated categories included achievement (both progression and completion), socializing, audiovisual sensation or stimulation, and experiencing the story. This report validates previous evidence that achievement and socialization are important for player engagement, and adds that players are motivated also by the surface ludic elements, such as art, music, and narrative. In applying these findings to the current study, we surveyed players on their expertise and found that, even in citizen science games, player expertise affects the type and magnitude of their engagement.
Flow
Engagement with games has been studied thoroughly and goes by many names, including flow, GameFlow, presence, immersion, motivation, enjoyment, and fun [3, 7, 9, 58, 61] . Dependent on the type of game, even more factors are involved, such as suspense in the case of match-based games [36] or body image in the case of health games [16] . While a complete review of these terms would be superfluous, understanding the main theme is crucial for the current research. Because Foldit is a game focused on creative solutions to complex problems, it relies very heavily on the flow state of interaction, since the solution to a puzzle (that "aha!" moment) requires focus and concentration.
A flow state is achieved by matching the challenge of the game to the skill of the player, providing a sense of control, removing distractions and fear of failure, and providing direct and immediate feedback and clear goals [4, 8, 9] . This leads to concentration on the task at hand, a loss of self-consciousness, and an altered sense of time. Once this change to consciousness occurs, players are immersed, or feeling present in the game despite only controlling it through technology [60] .
A game's design significantly affects how easily the player can achieve this flow state. Notably, the sense of control and removal of distractions are partially dependent on the game's user interface (UI). Research suggests that a game's perceived ease-of-use is a key factor in both choosing to play a game and achieving a flow state within it [27] . Moreover, it should be noted that good game design and ease-of-use are not entirely independent from each other. For example, a game with clear goals and immediate feedback will likely be perceived as easier to use than a game without these elements. Conversely, a game with unresponsive controls and a cluttered UI will challenge the player's sense of control and their attempts to remove distractions, further separating them from their flow and immersion. Games that can be adjusted to skill level and provide incremental levels of difficulty lead to increased engagement in players [2] . In this way, smart game design develops flow, and flow in turn develops player engagement, which finally allows serious games to accomplish their intended purpose.
There are many similarities between good game design and engaged learning. Dickey [15] notes that they share focused goals, challenging tasks, clear and compelling standards, protection from adverse consequences for initial failures, affirmation of performance, affiliation with others, novelty and variety, choice, and authenticity. By these similarities, flow is optimal for both games and learning, making it an ideal state of play for a serious game.
Citizen Science
Yet, it is unknown whether SDT and CLT, which have been examined in commercial games, can be similarly mapped to the design of serious games. In this study, we narrow that question to the scope of citizen science games, which we find have separate motivations than traditional games. To summarize, several surveys of citizen science [11, 29, 30] found that players play for the science, not the game. Their initial motivations do not depend on the game itself, but rather on their previous interest in science (and the specific research topic), curiosity, and desire to contribute to research [29, 30] . Furthermore, the players' continued engagement with the game is dependent on recognition and feedback for their contributions, both from the game and its developers. That is, the players want to feel rewarded for their contributions and know that they are making a difference. Continued interest then relies on enjoying the task itself and proper pacing [30] . In addition, teamwork in citizen science games motivates the players, not by competing against one another, but by creating subgroups that each have a clearly defined goal which contributes to the overall project of the citizen science game [29] . These findings confirm that socialization remains important for engagement, but rather than achievement being individualistic, players of citizen science games seek achievement as a community. In her 2015 survey of Foldit players, Curtis added that citizen science players are also motivated by interaction with others in the community and an intellectual challenge [11] . Jennett added to this a year later that players also hope to share the same goals and values as the project and enjoy helping others, learning new information, and feeling like part of a team [30] .
Some recent research has also explored how players gain expertise in Foldit. In 2017, researchers showed that beginners rely more on trial and error, learning only from the game tutorial and being unsure why consequences were happening, whereas experts relied more on manual tuning, external information such as paratexts, and had a deeper understanding of why consequences were happening [47] .
METHODOLOGY 3.1 Theory Adaptation
Foldit is a citizen science puzzle game in which the player attempts to discover the best fold of a protein [6] . Because Foldit is a complex game, it is greatly improved by its tutorial; in fact, previous work on its tutorial increased play time by as much as 29% and player progress by as much as 75% [1] . However, because the design of the tutorial does not take into account the principles of SDT or CLT, this game is an excellent candidate for testing these frameworks.
This study demonstrates a unique methodology: whereas most research citing SDT and CLT use them to measure outcomes of an unrelated variable, here the frameworks are the variables themselves. We define one possible operationalization of these frameworks and then implement features based on our operationalized definitions of these theories. In this way, we adapt the abstract theories into a concrete representation within Foldit and measure the behavioral outcomes of this representation.
This section describes not only how we operationalized SDT and CLT within Foldit, but also how to generally adapt SDT and CLT into the design of your own game, regardless of its genre, purpose, or educational value.
There were six operationalized changes: Minimalist UI, Ordered Levels, Branching Levels, Science Info, Strategic Instructions, and Help Panel. The first two, Minimalist UI and Ordered Levels, were designed to minimize cognitive load. Branching Levels and Science Info were designed to increase autonomy and motivation respectively, and Strategic Instructions and Help Panel were designed to improve competence. We confirmed that these features implemented the intended design changes through semi-structured interviews with two experts: an expert in human-centered design and Self Determination Theory, and an expert player of Foldit. These experts reported after two iterations that the designed features meet our operationalized definitions and impact player experience as intended.
Below, we review how each concept of CLT and SDT were operationally defined. Then we expand on the creation of each feature and how our operational definition could generalize for implementation into other games.
For this study, we operationally define extraneous load as perceptual clutter, irrelevant information, and introducing complex ideas before simpler ones. Autonomy is operationally defined as perceived choice by the player, specifically the choices they can make within the game. Purpose is operationally defined as any game element which emphasizes the player's interests, namely science. Lastly, competence is defined as the player's understanding of the tools available to them. Note that we do not examine relatedness in this study due to scope constraints, however, we believe that including both autonomy and competence is sufficient for representing SDT in this study, especially in light of the evidence of Rigby and Ryan [52] , who show that relatedness is less correlated overall with desired player outcomes, such as fun/enjoyment, than competence and autonomy for popular genres such as first-person shooters and strategy games.
Minimalist UI. Reducing Extraneous Load in the User
Interface. In its default version, the first few tutorial levels of Foldit display several user interface (UI) elements that both are not introduced explicitly to the player and also not necessary for completing the level. These elements include a control panel, a mode indicator, and a score history visualization. To reduce the extraneous load on the player, these elements were withheld from the early levels of the game and then introduced when the player is more familiar with the rest of the game (see Fig. 1 for example) .
The generalized goal of this feature is to reduce cognitive load within the game elements, introduce only one mechanic at a time and explicitly so, thus segmenting the learning needs [37] . Many games understand to add in one element at a time, but the UI overwhelms the user from the beginning. Cognitive Load Theory would imply the need to remove most of the UI until the user has demonstrated a need for more control and information.
Ordered Levels. Reducing Extraneous Load in the Level
Ordering. The Foldit tutorial previously succeeded in comprehensively covering many of the game elements, but was not structured in a way that minimizes cognitive load. The implemented approach to satisfy Cognitive Load Theory is perhaps best described by Leppink and van den Heuvel [35] : the task should begin as simple as possible, minimizing complexity and interacting elements, while giving a high level of support and instruction. After an element has been introduced, the task should increase in complexity but not interactivity. Particularly, no other elements should be introduced during this process. This method ensures well-ordered problems [21] .
To generalize this feature, once the learner has mastered one element, a new one can be introduced with minimal increase in the cognitive load due to the interaction between elements. The concept of element interactivity applies to both actions and elements, and only one should be introduced at a time. During the learning process, support should be gradually reduced in proportion to the learner's proficiency, minding the expertise reversal effect (i.e. redundant support hinders and frustrates experts; see [51] ). This process is repeated until the learner reaches a highinteractivity and high-complexity level of play, at which point they can be considered an expert on the subject. For this experiment, Figure 2 : Branching Levels. On the right, the original level selection screen is organized into sets and unlocks linearly. On the left, the new level selection screen branches at several points throughout the tutorial. levels were simply re-ordered in a way which attempts to meet the criteria described above. In order to use this feature, designers must understand their game's skill dependency tree [5] and use this knowledge to enforce well-ordered problems. Moreover, when a skill is introduced, it should be practiced in isolation against increasingly difficult problems before being mixed with other game mechanics.
Branching Levels. Autonomy through Meaningful Choice.
Autonomy is afforded by game designs which increase choice, such as choice of goals [55] . To increase the autonomy players felt while playing Foldit, those in the Branching Levels condition saw a different level selection screen than other players. In this selection screen, rather than choosing levels linearly, the level options branched out, providing several choices for the order in which to complete levels (see Fig. 2 ).
The goal of this feature, more generally, is not only to increase perceived choice, but also to reduce the chance that players will not be able to proceed in the game, since they will have alternate paths of progress available to them.
Science Info. Motivation through Purpose and Relevance.
When players of citizen science games were surveyed on their experiences, players requested more detail on the science behind the games [29] . By providing more in-game detail to players seeking this knowledge, it is predicted that this will give them more purpose. They will thus become more immersed in the game world, since their newly found purpose within the game appeals to the players' willingness to concentrate [3] . Thus, at several opportunities throughout the tutorial, players in a Science Info condition may opt-in to know more relevant information on the science of the game element being introduced in that level (see Fig. 1 for example) .
Some researchers have argued that Purpose belongs as a fourth dimension to the traditional three-factor model of Self Determination Theory [19] , especially when applied to game-based learning. This internal drive is therefore hypothesized to increase player engagement. The generalization of this feature includes any appeal to the player's personal interests. By giving the players more instruction on how to use the tools available to them and less instruction on what actions they should take, the player will become more competent in transferring these skills to new puzzle scenarios, instead of routinely and blindly following directions. In general, for the player to develop a sense of mastery, they must be able to understand the mechanics holistically, rather than as case-by-case usage.
3.1.6 Help Panel. Context-Insensitive Help. In 2012, Andersen et al. [1] tested the option of providing a help button in Foldit and other games. They found that this yielded a 12% increase in play duration for Foldit but caused negative effects in the other games. They concluded that providing assistance gave mixed results which would require further study. However, these results agree with Cognitive Load Theory. Because Foldit is a more complex game, it demands more cognitive load than the other games tested. Moreover, players working through the early levels of Foldit can be considered novices at the game. Thus, these players would benefit from more instruction and guidance [28] . Indeed, in the other simpler games, the assistance is redundant, which causes the players to experience the expertise reversal effect [51] . For this reason, a help button was implemented which provides context-insensitive assistance, such as information on game controls and relevant vocabulary (Fig. 1) . We predicted that, despite the mixed findings of Andersen et al., a help panel would have an overall positive effect on learning.
More generally, Gee [20] recommends that on-demand help be available for game-based learning, and this is hypothesized to become increasingly useful as the player develops autonomy and mastery over a wide set of precise controls, such as the complex combos in a fighting game or the detailed economies of 4X and city-building games.
EXPERIMENTAL EVALUATION 4.1 Experiment Design
New players of Foldit (n=1957) were randomly assigned to one of seven conditions, either one of the six experimental features listed above or the control condition. To avoid effects of player interaction, social chat features were disabled for all individuals in the experiment. The data were collected for approximately 6 weeks beginning in November 2018 from the version of Foldit available on its website (https://fold.it/).
In order to observe the effects of our feature sets, we used the data collection model of Game Metrics Behavior Assessment [41] . In this way, we infer true effects from behavioral differences, such as number of play sessions and level completions.
In addition to game metrics, players in the first level were asked to fill out an optional * survey of demographic information, including their level of education, how much prior knowledge they have in biochemistry, and how frequently they play games. Of the participants, 287 users (14.7%) responded to this survey. Note that before playing Foldit, all players, whether taking the survey or not, must first consent to a user agreement of data collection based on Institutional Review Board guidelines.
Analysis Methods
First, player expertise was determined along three axes: education, prior knowledge, and gaming, using their responses to the demographic survey (n=287). These were coded as binary variables with high education (n=122) referring to users with "some college" or more, high prior knowledge (n=136) referring to users with "approximately one undergraduate course in biology" or more, and high gaming frequency (n=140) referring to users who play games at least twice per week.
Next, several ANOVA and Kruskal-Wallis omnibus tests were performed to identify the effects of player expertise on our experimental conditions. We considered these game metrics as measures: total time played, number of sessions, unique level completions (i.e., completing a level for the first time), and level re-completions (i.e., completing an old level again). We performed a Kruskal-Wallis rank sum test (n=1957) to identify any main effects of the experimental conditions, and then examined three two-way ANOVAs (n=287) to identify the interactions between experimental condition and a dimension of the player's expertise (education, prior knowledge, or game frequency). We used an Aligned Rank Transform [64] to adjust for non-normality and performed a Holm correction after the tests to account for multiple comparisons. Finally, pairwise comparisons using the Wilcoxon rank-sum test were performed as post-hoc analyses to understand the nature of significant main effects.
Results
For all ART-adjusted ANOVAs (which captured the interactions between player expertise and experimental condition but included only players who took the survey), the main effect of condition was ignored since this information was captured in the Kruskal-Wallis tests (which included all players). The Kruskal-Wallis rank sum test for condition was trending significance after Holm correction for unique level completions (p = .058). A post-hoc Wilcoxon rank-sum test indicated this was driven by the Strategic Instructions condition, * Because Foldit is an online game available to anyone and used for more than the purposes of this study (e.g., classroom instruction), we chose an opt-in method for surveying the players. To account for the potential bias in self-selection (e.g., players who answer the survey may have a higher baseline engagement), we restrict analyses that use survey data to only the sample of users who answered the survey. (Fig. 3) ; while the control group had an average of 0.84 (SD=2.08) re-completions, players in the Branching Levels condition had an average of 0.29 (SD=0.73) re-completions. No significant effects were found for total time played. Interestingly, two different kinds of player expertise showed a significant increase in engagement (Fig. 4) . Game playing frequency was found to be significantly correlated with an increase unique level completions (F=8.03, p < .05) from a median of 6 levels (low gaming expertise) to a median of 8 levels (high expertise). Prior domain knowledge was significantly correlated with an increase in number of sessions (F=7.45, p < .05) from a median of 1 session to 2 sessions. No other significant main effects were found. These findings are summarized in Table 1 ; note that "Level Completions" refers specifically to unique levels completed by the player.
Although no significant effects were found for the Help Panel, it was used regularly by players in this condition (n=234). Players clicked it on average 2.92 times (SD=7.45). Similarly, players in the Science Info condition (n=215) requested to know more about the science of Foldit an average of 3.84 times (SD=4.00).
DISCUSSION
In this study, we applied Self Determination Theory and Cognitive Load Theory in order to increase engagement and retention in a citizen science game. Unlike previous studies, which used these theories to measure cognitive outcomes, we operationalized these principles in order to construct and implement new game features. This process was described in our methods in a generalizable format which allows other designers to implement similar features for their games. Yet, only a couple of these features had a significant impact on behavioral measures of engagement, i.e., through game metrics data. Although we discuss practical issues in the limitations section below, these data largely suggest that creating effective features based on these theories, at least in an existing game framework, is a difficult process. We believe that the efficacy (or lack thereof) of these features does not imply that the cognitive and motivational frameworks are wrong. Rather, these principles cannot be easily tacked on as after-thoughts to a game's design. Instead, we expect that these frameworks of learning and motivation can have a significant impact if woven into the design from the start of the design process. Thus, our hypothesis that these features would positively impact engagement was partially supported, as shown by the following examples.
First, the Branching Levels condition showed reduced level recompletions (Fig. 3) . This may be because the UI was more clear that a level was completed, since the Branching Levels condition also used color and other visual attention design to indicate completed (green), unlocked (yellow and highlighted), and locked (red and silhouetted) levels. In this way, the UI design encouraged players to progress and visualize their progress, rather than re-complete previous levels. Additionally, since the new level selection screen shows what the level looks like before the player enters the puzzle, this may have reduced confusion and re-completions resulting from players being unsure whether they had solved the puzzle before or not.
The experimental condition with the biggest impact on level completions was Strategic Instructions, which was counter-intuitively negative. The change was intended to increase competence by replacing exact commands (e.g. "first Shake, then Wiggle this protein") with explanations of how to use the tools and why. However, this lack of direct guidance may have led to an increase in cognitive load, since the instructions don't contribute toward forming a cognitive schema for players who are unfamiliar with Foldit, namely all new players in our experiment. Hawlitschek and Joeckel [26] found a similar result when testing whether a digital educational game should include explicit learning instructions. They concluded that the framing added increased extraneous load which led to the observed decreased learning outcomes. In our case, players may have been so unfamiliar with the game mechanics, regardless of background, that more nuanced instructions on their usage were overwhelming.
No significant effects were found in Minimalist UI, Ordered Levels, Science Info, or Help Panel, yet these features largely trended toward more engagement through level completions. As future work, we will continue to examine these features, since they may have impacted perceived autonomy and cognitive load, despite showing no significant effects on game metrics data.
Perhaps most notably, players with more expertise engaged more with the game, regardless whether the expertise was a biochemistry background or experience playing games (Fig. 4) . These axes of expertise increased engagement in distinct ways: frequent game players completed more levels, and players with more domain knowledge played more sessions. This result is unsurprising, since Self Determination Theory would suggest that the extra expertise gives these players increased competence. Moreover, game players seem to apply their expertise by making more game progress, and players with more domain knowledge seem to have more interest in returning to the game. Critically, this finding emphasizes that Foldit is both a citizen science project and a game, and invites players from both communities.
This finding also agrees with recent research suggesting that personalization is vital for effective learning and gamification [24, 44, 63] . Since the player experience (i.e., the way the player perceives the game) varies with their expertise, the game's design ought to Figure 4 : Prior domain knowledge and game expertise affect engagement. (Top) Players who play games frequently (median 8) completed on average more levels than players without that expertise (median 6; p < .05). Note that the median number of level completions across all players (n=1957) was 7, between low and high gaming expertise. (Bottom) Players with high prior domain knowledge (median 2) played significantly more sessions than players without prior domain knowledge (median 1; p < .05). Both figures show that player expertise correlates with an increase in behavioral engagement. Note that medians are shown to more accurately represent the data which are not normally distributed.
consider the player's skills and preferences in order to construct the best experience for that particular player. Future work in this field should investigate the efficacy of dynamically tailoring tutorials to the player, not just in difficulty, but in how the material is presented, how rewards are structured, or even how the goal is framed.
Limitations
Although significant effects were found in the applications of these frameworks, the features implemented were relatively small compared to Foldit's larger game design. Since this work was built on the existing game structure of Foldit (now 11 years old), largescale implementation proved difficult and time consuming. But being mindful of these frameworks at the beginning of a game's design process could address this issue and allow more in-depth implementation of the operationalized design goals. Moreover, the operationalization process itself is a limitation in that there is a layer of abstraction between the theory and the implementation. This adds uncertainty to whether our findings (e.g., in level completions) were directly influenced by the constructs of SDT and CLT, or whether confounds exist in the design. We believe this limitation is acceptable to study theory-driven game development, since the alternative is ignoring the theory in the design process entirely.
The second major limitation to this study is that it examined only one game, and the effects may not generalize to other games or designs. However, this work demonstrates that even small changes to a game's design can have a significant impact on engagement, and this line of research will be worth continuing for the efficiency of serious games in the future.
Additionally, in representing SDT in this study, we do not create any features which capture an operationalized definition of relatedness. However, since autonomy and competence have been shown to have a large impact on similar games [13, 52] , we believe that including autonomy and competence is sufficient to approximate the effectiveness of this approach.
CONCLUSION
This study operationalized the learning framework of Cognitive Load Theory (CLT) and the motivation framework of Self Determination Theory (SDT) to create concrete design objectives. These objectives inspired new features which were implemented into the citizen science game Foldit in order to understand the effects of learning and motivation on a complex serious game. Uniquely, this study applied SDT and CLT in order to change the design of a game, rather than using these frameworks to measure the efficacy of existing game features. Moreover, we describe in our methodology how these operationalized definitions can be generalized for feature implementation in other games. In addition to this documentation, we present two other major contributions. First, we found that an updated level selection screen significantly impacted how players progressed through the game. This finding suggests that user interface design guides the player's choices. Secondly, the player's background strongly influences engagement in multiple ways. Since citizen science games are both citizen science projects and games, the player experience is influenced by both previous game experience and prior domain knowledge in the game's subject.
This study is an exploration of theory-driven game design. As opposed to applying traditional game design principles, by operationalizing SDT and CLT for the creation of features, we are ensuring that the design satisfies the learning and motivational needs of the players, whereas traditional game design principles do not capture these needs as directly. Notably, these design implementations were performed on an existing game. This is both a limitation to the methodology, since the existing structure of the game necessarily restricts the design, and a strength, since this study captures the reality that many practitioners have to work within the constraints of existing designs. Our findings would undoubtedly have been different had we used a different operationalized definition of the frameworks or different frameworks entirely, such as flow [8] , Information Processing Theory [39] , or Keller's ARCS model [32] . Because autonomy, competence, and cognitive load are strongly validated in the literature (see Background) and applicable to design goals of citizen science games, we chose these frameworks and operationalizations as the first step in exploring this methodology. Future work may explore how different models can differentially affect the game's design. Moreover, while this work explored the behavioral effects of these implementations, future work should investigate the cognitive and motivational effects of these designs.
